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 ABSTRACT 
ABNORMAL NEUROMUSCULAR FATIGUE AND MOTOR PERFORMANCE OF 
THE KNEE EXTENSORS POST STROKE  
 
 
Henry R. L. Kuhnen 
 
Marquette University, 2012 
 
Stroke causes paresis in leg muscles, such as the knee extensors, that significantly 
impairs motor control and function during tasks such as walking.  Reduced endurance 
and increased kinematic asymmetries during walking over time indicate paretic 
musculature may fatigue more quickly than non-paretic musculature.  The primary 
purpose of this study was to identify abnormalities in neuromuscular fatigue (reduction in 
force over time) of the paretic knee extensors and associate them with motor 
performance.   
We investigated the effects of repeated six second isometric submaximal (30% of 
maximum voluntary contraction) knee extensor fatiguing contractions on task failure and 
motor performance in ten chronic stroke subjects and compared them to ten, healthy 
controls.  A systematic criterion determined task failure.  We recorded knee extensor 
torque, stretch reflex responses, surface electromyography (EMG) of agonist (rectus 
femoris and vastus medialis) and antagonist (medial hamstring) knee extensor muscles, 
and muscle fiber conduction velocity (CV) of the vastus lateralis muscle as interpretive 
measures of neuromuscular fatigue.  A power spectral density analysis of the intermittent 
target torque estimated the effect of fatigue on force fluctuations.  Two isometric 
submaximal torque tracking tasks performed before and after fatigue provided direct 
measures of fatigue on force variability and error.  Stroke subjects failed the fatiguing 
task significantly sooner than control subjects.  In controls, averaged rectified EMG 
amplitude significantly increased and CV significantly reduced with fatigue, while no 
changes occurred in stroke.  Fatigue caused a spectral shift toward higher force 
fluctuation frequencies in control but not stroke subjects.  Time to task failure in stroke 
subjects negatively correlated with their walking speed.  Additionally, pre-fatigue torque 
variability and error was greater in stroke than control subjects, and increased 
significantly with fatigue.   
In summary, paretic knee extensors have increased neuromuscular fatigability of 
the paretic knee extensors which relates to walking speed.  The interpretative measures 
suggest that central factors may contribute more to time-to-task failure as compared to 
peripheral (muscular factors) in stroke survivors.  Performance data demonstrate pre and 
post-fatigue impairments in sub-maximal force regulation.  Taken together, these data 
demonstrate previously un-described impairments in paretic knee extensor force 
generation and regulation that could contribute to motor dysfunction post stroke.
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Chapter 1: Introduction 
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1.1 Motor Impairments and Leg Function Post Stroke 
 
Stroke is the fourth leading cause of death, and a leading cause of disability in the 
United States [1].  Residual lesions in the motor cortex cause hemiparesis, or weakness 
on one side of the body.   Hemiparesis results in diminished force generation and 
regulation in muscles such as the knee extensors, and is associated with decreased 
function and mobility [2, 3] that can negatively impact tasks of daily living.  For 
example, weakness post-stroke correlates with asymmetric walking patterns, reducing the 
efficiency of joint kinetics during gait [4, 5].  Deficits in the lower limb can interfere with 
ambulation, weight transfer, and stair climbing.  In addition to baseline weakness, clinical 
evidence suggests that stroke survivors may also have increased neuromuscular 
fatigability (reduction in force over time).  For example, individuals with stroke 
demonstrate slower comfortable walking speeds and endurance during a 6 minute 
walking test [6].  If neuromuscular fatigue is greater post stroke, it would likely 
exacerbate the deficiencies in leg muscle force generation that impair mobility and 
ambulation.   
In healthy individuals, neuromuscular fatigue of the knee extensors has been 
linked to decreased steadiness and power generation [7].   After stroke, it has been shown 
that a sustained hip flexor fatiguing contraction results in faster task failure [8].  
However, limited information currently exists on the how neuromuscular fatigue impacts 
leg function and motor performance post-stroke, with no studies reporting specifically on 
the role of knee extensors during a volitional task.  Therefore, the broad objective of this 
thesis is to 1) quantify increased neuromuscular fatigability of the paretic knee extensors, 
2) determine changes in peripheral (muscular) mechanisms that may contribute, and 3) 
3 
relate increased paretic fatigability to deficits in force regulation and clinical 
measurements of function.   Improved understanding of these abnormalities in 
neuromuscular fatigue post-stroke is crucial to improving rehabilitation techniques that 
increase function by optimizing motor performance and muscle strength. 
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1.2 Central and Peripheral Contribution to Neuromuscular Fatigue  
 
In order to understand the potential effects of stroke on muscle fatigability, it is 
helpful to first consider neuromuscular fatigue in the neurologically intact state. 
Neuromuscular fatigue is classically defined as an exercise-induced reduction in force 
generation, or whether the task can be sustained [9].  Because force production requires 
activation of the entire neuromuscular system, neuromuscular fatigue encompasses both 
central (proximal to the neuromuscular junction) and peripheral (muscular) components.  
The type of task performed, the muscle(s) required, and the individual‟s age and sex are 
all independent factors affecting the rate at which the neuromuscular system fatigues 
[10].  In sum, the dominating mechanism of fatigue (i.e. central versus peripheral) 
depends on which element is most stressed during the fatiguing task [11].   
In neurologically intact individuals, most declines in force generation during 
fatiguing contractions are attributed to acute changes in muscle contractile properties (i.e. 
peripheral factors) [10, 12].  The most convincing evidence for peripheral fatigue is the 
reduction in force generation and the slowing of contractile velocity when the muscle is 
independent of the central nervous system [13].  Furthermore, action potential discharge 
rates, conduction velocities, and excitation-contraction coupling rates of the muscle fibers 
are all known to decrease with muscular fatigue and are the result of fatigue in the muscle 
[13].  These decreases are largely the result of accumulation of metabolic products, such 
as increased extracellular K
+
, Ca
2+
 buildup from slowed sarcoplasmic reticulum re-
uptake, and increased H
+
 from lactic acid [13].  During fatigue, muscle ischemia 
contributes heavily to the buildup of metabolites, and is especially dominant during 
sustained contractions.  Early work by Merletti et al. (1990) showed that muscle fiber 
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conduction velocity along the tibialis anterior decreased during sustained, fatiguing 
contractions of the ankle dorsiflexors [14].  Decreased conduction velocity during 
sustained contractions has also been documented in the biceps brachi during repeated 
maximal contractions [15].  In addition to conduction velocity, median electromyography 
(EMG) frequency has been used to characterize changes in muscle contractile properties 
[16, 17].  Median EMG frequency can be affected by fiber composition, size, and 
conduction velocity, and reductions in median frequency often coincide with 
neuromuscular fatigue of healthy individuals [17, 18].  Bilodeau et al. (2003) reported 
that EMG median frequency reduced post-fatigue in both healthy men and woman during 
a sustained maximal isometric fatigue protocol of the knee extensors [17].  In summary, 
these studies provide evidence that peripheral mechanisms largely contribute to 
neuromuscular fatigue in healthy individuals.  
In addition to peripheral contributions, central mechanisms can also play a role in 
neuromuscular fatigue in healthy individuals.  Metrics on the level of voluntary activation 
are used to quantify declines in volitional drive during fatiguing exercise [19-21].  These 
declines have been demonstrated in healthy individuals through superimposed twitch, a 
technique to quantify the amount of voluntary motor command available to maximally 
activate a muscle [11, 12, 22].  For example, reduction in voluntary activation during 
sustained maximal contractions of the knee extensors using interpolated twitch indicate 
that neuromuscular fatigue can impair central drive in healthy individuals [16].  
Intermittent fatiguing contractions of the knee extensors have also resulted in reductions 
in voluntary activation when using superimposed twitch [19, 21].  In addition to 
superimposed twitch, recording motor evoked potentials (MEP) from transcranial 
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magnetic stimulation (TMS) can also quantify the level of central activation by 
stimulating the motor cortex [12, 20, 23].  By stimulating at the cervicomedullary region 
of the spinal cord, McNeil et al. (2009) recorded cervicomedullary MEPs to indicate that 
spinal origins of central fatigue can greatly inhibit voluntary input from the motor cortex 
[20].  These studies demonstrate that central contributions to neuromuscular fatigue may 
arise from decreased descending command or inhibition at the spinal level.  
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1.3 Stroke Pathophysiology and Neuromuscular Fatigue  
 
After stroke, neural and musculoskeletal pathologies interfere with normal force 
production and potentially negatively impact muscle fatigability.  With chronic stroke, 
paretic muscle atrophy affects the musculoskeletal system.  Muscle atrophy is caused by 
disuse – both from decreased voluntary activation [2] and sedentary lifestyle secondary to 
disability [24, 25].  In addition to loss of paretic muscle mass over time, there is some 
(although mixed) evidence for shifts in muscle fiber type.  In contrast to chronic spinal 
cord injury where there is a shift towards a predominance of Type II fibers, some studies 
have shown that paretic muscle is dominated by Type I fibers, which produce relatively 
less force than Type II fibers but are also more fatigue resistant [25, 26].  A larger 
proportion of Type I versus Type II fibers would be beneficial during tasks that require 
submaximal contractions, but might be detrimental during tasks requiring higher force 
production.  
It is well established that stroke-related damage to the motor cortex contributes to 
decreased voluntary activation and force generation and this could potentially limit force 
production during a fatiguing contraction [2, 27-29].  For example, Horstman et al. 
(2008) reported that voluntary activation levels reached as low as 55.8 ± 26.8% during 
maximal isometric knee extension contractions in the paretic leg [2].  In addition, they 
reported that significant reductions in knee extension and flexion MVCs correlate with 
functional measures such as the 10-meter walk test and Berg balance scale (BBS) post-
stroke.  In a study examining motor unit characteristics of the paretic arm, Gemperline et 
al. (1995) concluded that reduced central activation limits motor unit firing rates and 
recruitment thresholds necessary for sufficient force output [30].  Without the appropriate 
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central command, paretic muscles cannot modulate force to sufficiently control or 
complete functional tasks.  As a result, the onset of neuromuscular fatigue post-stroke is 
likely dominated by the central deficits in activation, further reducing force generation 
capacity. 
  Global changes in muscle conduction properties (e.g. action potential conduction 
velocity) during a fatiguing task have not been measured in chronic stroke.  Change in 
muscle fiber conduction velocity during a fatiguing task is associated with a slowing of 
muscle contractile properties in healthy subjects and therefore can be used as a metric of 
peripheral fatigue [14, 18].  If neuromuscular fatigue post-stroke is dominated by central 
factors (upstream of the neuromuscular junction), one would expect less slowing of 
conduction velocity as compared with the healthy control subjects.  Therefore, by 
measuring changes in conduction velocity of the paretic muscle, we will gain an 
additional metric of muscular fatigue that can be used to interpret the level of peripheral 
contribution to increased neuromuscular fatigue post-stroke.   
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1.4 Studies Examining Neuromuscular Fatigue and Stroke 
 
Data on abnormal neuromuscular fatigue post-stroke and its relationship to leg 
function is limited.  To date, there are only three known studies [8, 31, 32] on leg muscles 
and one study on an upper extremity muscle [29].  In an electrical stimulation paradigm, 
Horstmann et al. (2010) have shown that the paretic knee extensors fatigue more rapidly 
and contract significantly slower than those of healthy individuals [32]. Due to the 
involuntary nature of the contractions, this study provides evidence that changes in 
intrinsic muscle properties may increase fatigability post-stroke.  Gerrits et al. (2009) also 
applied repeated electrical stimulation to paretic knee extensors to assess fatigue 
resistance, reporting that the paretic limb‟s rate of fatigability positively related to their 
six-minute walking test [31].  Both Horstman et al. (2010) and Gerrits et al. (2009) did 
not volitionally induce fatigue, which limits the interpretation of their results to factors 
only associated with peripheral fatigue.  In Hyngstrom et al. (2012), stroke subjects failed 
sooner during a sustained voluntary sub-maximal isometric contraction of the hip flexors 
[8].  They also indicated that reductions in force from fatigue negatively correlated with 
stroke subjects‟ time-to-task failure.  This suggests that the ability to activate the paretic 
hip flexors corresponds to the amount of increased fatigability post-stroke.   
Some studies have looked simply to quantify changes in the neuromuscular 
system with fatigue post-stroke [29, 33].  Knorr et al. reported significant reductions in 
paretic leg endurance time and EMG amplitude compared to the non-paretic leg in the 
ankle musculature during submaximal sustained dorsi/planter flexion fatigue tasks [33].  
Additionally, they reported minimal increases in MEPs from low baseline levels after 
fatigue which suggests an inability to modulate central excitability and, therefore, affect 
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motor neuron drive.   However, this study is limited because 1) sustained submaximal 
fatiguing contractions bias muscle ischemia (and build of metabolic waste products), 
possibly confounding the influence of central components and 2) subjects all had sub-
cortical strokes.   
In arm musculature, Riley and Bilodeau (2002) demonstrated that during 
sustained maximal contraction, the level of voluntary activation of the paretic arm is 
significantly reduced compared to the non-paretic arm, despite the paretic arm having no 
reductions in maximal voluntary contraction (MVC) post-fatigue [29].  They attributed 
the lack of MVC output concomitant with significantly less voluntary activation levels as 
the likely result of a diminished central drive, caused by cortical lesions, required to 
properly activate the paretic arm muscles.  Additionally, EMG median frequency of the 
paretic arm did not decrease with fatigue.  This absence of median frequency reduction 
post-stroke has been attributed to the preferential atrophy of type II fibers, which affect 
frequency changes during fatigue in healthy muscles [30].  The authors interpret that the 
lack of EMG frequency change post-stroke also adds to the idea that post-stroke, reduced 
central drive impairs the capacity to activate paretic muscles.  However, these findings 
are limited because the study does not provide clear disclosure regarding subjects that 
were excluded from the results that may have confounded measures of fatigue.  
The literature on neuromuscular fatigue offers limited evidence that central 
activation is impaired, which likely contributes to faster fatigability and impaired 
function post-stroke.  However, this evidence has not been validated in the knee 
extensors during submaximal tasks which associate better with function, such as walking, 
balance, and sit-to-stand, compared to maximal tasks.  In addition, no fatigue studies of 
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the paretic lower limb have looked at limiting the effects of ischemia by utilizing 
intermittent contractions to fatigue the paretic muscle.  Furthermore, the location and 
multiplicity of the knee extensor muscles provides great accessibility to experimentally 
measure peripheral metrics of fatigue.  Therefore, in this study, sub-maximal intermittent 
contractions will provide a first-hand look at the effects of neuromuscular fatigue on the 
knee extensors while limiting peripheral factors from muscle ischemia.   
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1.4 Role of Spinal Pathways in Neuromuscular Fatigue 
 
When examining mechanisms of neuromuscular fatigue, it is useful to consider 
sources of excitation that could potentially assist motoneuron firing and resist fatigue.  
Motoneurons receive excitatory and inhibitory synaptic input from sensory afferents and 
spinal reflex pathways [11].  One of the strongest inputs to motoneurons comes from 
group Ia muscle afferents, which provide signals indicating changes in the velocity of 
muscle stretch [11].  Although their role during volitional movement is not completely 
understood, it is believed that group Ia muscle afferents, which have excitatory 
monosynaptic effects on motoneurons, enhance joint stiffness [34].  Some evidence in 
human models suggests they play a role in force generation during the stance phase of 
locomotion [35, 36].   
Interestingly, the sensitivity of afferent inputs is affected by neuromuscular 
fatigue [37].   For example, increasing Ia activity facilitates force production in humans 
after the onset of fatigue [11].  Biro et al. (2007) showed that fatigue of the knee 
extensors increased the stretch reflex EMG response of the patellar tendon.  The authors 
suggest that gain in reflex pathways at the end of a fatiguing contraction may assist with 
force generation.  Post-stroke, it is well documented that there is a baseline increase in 
the excitability of stretch reflex pathways [5, 38-41].  However, it is debated in the 
literature whether hyperexcitable reflex pathways assist volitional movement or interfere 
with the movement (e.g. “spastic restraint”) [41, 42].  In Hyngstrom et al. (2010), 
abnormal phasing of hip flexion torque presumably due to stretch reflexes was associated 
with altered hip kinematics during over ground walking [5].  During imposed multi-joint 
leg movement at submaximal levels, Black et al. (2007) reported increased EMG reflex 
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amplitudes in multiple muscles of the paretic leg [38].  The magnitude of the reflex 
responses increased with the imposed speed of multi-joint movements.   Collectively, 
abnormal reflex responses from these studies provide a possible explanation for the 
slower walking speeds and asymmetric joint kinematics associated with gait post-stroke.  
In contrast, in Celnik et al. (2007), peripheral nerve stimulation to the paretic hand 
resulted in short-term improvements in functional tests congruent with every-day hand 
tasks [43].  Therefore, opposing, but physiologically real, mechanisms of spinal reflexes 
influence motor performance after stroke.   
Changes in stretch reflex responses during a fatiguing contraction provide 
information on the level of excitability of the spinal cord.  To our knowledge, no studies 
have examined reflex responses in stroke subjects during a fatiguing contraction.  
Because increased afferent input after fatigue is associated with increased force output, 
the hyperexcitability of reflex pathways that persists after stroke may become an inherent 
factor in prolonging contraction during fatigue.  In contrast, this hyperexcitability may 
only facilitate disinhibited antagonist pathways and further increase spastic movements. 
Therefore, a principal component to this thesis is to understand how changes in spinal 
excitability affect neuromuscular fatigue post-stroke.   
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1.5 Clinical Implications  
 
Strength training is the cornerstone of any rehabilitation protocol [44].  
Improvements in strength and muscle hypertrophy are best obtained when the 
neuromuscular system is fatigued to the point of task failure.  Therefore, improving force 
generation after stroke will be benefited by the ability to fatigue the paretic muscle [45].  
If central factors dominate the onset of neuromuscular fatigue and task failure post-
stroke, the paretic muscle may not be appropriately fatigued, and therefore strengthening 
is not optimized.  Qualifying the contributions of central factors to abnormal 
neuromuscular fatigue after stroke is critical to the development of targeted rehabilitation 
strategies.    
The ability to maintain steady force output at submaximal levels is critical to tasks 
of daily living (e.g. walking, climbing stairs, weight transfer).  Measurements of force 
stability during sustained contractions have been well documented in healthy and aging 
populations [10, 46].  The magnitude and frequency of force fluctuations done during a 
fatiguing contraction, such as coefficient of variation and error, have been used as a 
metric of control during fatiguing contractions [7].  In healthy individuals, force 
variability during submaximal isometric tasks depends on the muscle group performing 
the task, the level of muscle contraction required, and the physical fitness level of the 
individual [46].  For example, Enoka et al. 2003 showed that the coefficient of variation 
during a 5% of MVC isometric task is greater than at 50% of MVC for the index finger in 
both young and old adults, though older adults varied more.  Preliminary data from our 
laboratory in individuals with stroke indicates that hip joint torque variability during an 
isometric task is greatest at 5% MVC. 
15 
With little literature reporting on the impact of neuromuscular fatigue 
abnormalities on impaired ambulation post-stroke, we aimed to relate metrics of fatigue 
to impairments in lower limb function.  In particular, the effect of neuromuscular fatigue 
of knee extensors on metrics of control and the relationship with clinical measures of 
function during a sub-maximal intermittent fatiguing task has not been documented after 
stroke.  The main goal of this study was to implement a series of submaximal intermittent 
isometric knee extension contractions that fatigued the neuromuscular system of the 
paretic leg.  By recording performance measures during the fatiguing task, we quantified 
the paretic leg‟s resolution of control, and correlated these findings to clinical measures 
of function.    
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Chapter 2: Increased Knee Extensor Neuromuscular 
Fatigability Post Stroke 
17 
2.1  Introduction 
 
Chronic stroke causes changes in the neuromuscular system in ways that may lead 
to increased neuromuscular fatigability during functional tasks.  Clinical studies provide 
evidence that neuromuscular changes post-stroke lead to difficulty in endurance (i.e. 
maintaining force generation during a task) [6, 8, 33].  For example, stroke subjects 
demonstrate decreased walking distance during the 6 minute walk test [6] and quicker 
task failure during sustained hip flexor contractions [8].  These studies indicate that 
individuals with stroke may have increased neuromuscular fatigability (reduction in force 
over time) and that this may further impair function as well as exacerbate baseline 
strength deficits.  Identifying the neuromuscular mechanisms that increase the rate of 
fatigue post-stroke is crucial to understanding the implications of stroke on force 
generation, and will ultimately translate to improved rehabilitation strategies.  Therefore, 
the broad aim of this study was to quantify changes in neuromuscular mechanisms that 
may contribute to increased neuromuscular fatigue post-stroke and relate these metrics to 
mobility 
Neuromuscular fatigue, classically defined as the acute reduction in force 
generation over time, consists of both peripheral (muscular) and central (neural) 
components [11].  In healthy individuals, peripheral contributors to neuromuscular 
fatigue typically dominate [10, 12, 14, 17].  Given the damage to cortical and/or 
subcortical motor pathways after stroke, it is plausible that central factors may dominate 
post stroke.  The contribution of central and peripheral components toward 
neuromuscular fatigue also largely depend on the task and muscle [10].  In healthy 
individuals, sustained contractions may lead to muscle ischemia, increasing the peripheral 
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contribution to neuromuscular fatigue.   Knee extensor muscles, which are critical to 
locomotion, are known to have a greater amount of type 2, less fatigue resistant, fiber 
types compared to other muscles used for locomotion, such as soleus, tibialis anterior, 
and biceps femoris [22, 47].  Chronic stroke may lead to morphologic changes in fiber 
type, with some studies indicating a preponderance of type 1 fibers [2, 25, 48].  In 
neurologically intact individuals, the velocity of muscle fiber action potentials in larger 
muscles decreases with exercise [14].  Post fatigue, decreases in muscle action potential 
propagation, while expected in healthy individuals, may be less evident for chronic 
stroke.  During sustained knee extensor contractions in stroke survivors, Knorr et al. 
(2011) reported that voluntary activation, measured through the interpolated twitch 
technique, decreases significantly with fatigue, suggesting that reduced drive to the 
paretic knee extensors, and not the muscle itself, causes task failure.  With diminished 
capacity for voluntary drive, the paretic muscle does not respond appropriately to 
increased demands during fatiguing tasks.  Riley et al. (2002) showed little to no 
reduction in paretic limb median EMG frequency during a sustained maximal fatiguing 
task, a sign that fatigue has little influence on myoelectric properties of the paretic 
muscle.   
In addition to the loss of supraspinal drive to the motoneurons post-stroke, there 
are also pathologies at the level of the spinal cord, with a prominent pathology being 
increased excitability of stretch reflex pathways [38, 40].  Clinically this manifests as 
spasticity of the muscle-velocity dependent stretch reflex response in paretic musculature. 
Given the damage to supraspinal regions, it is plausible that hyperexcitable stretch reflex 
pathways may contribute to force generation during voluntary movement post stroke and 
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thus may play a role in increased muscle fatigability.  The inability to dissociate joint 
movement during gait from abnormal synergies [49] and abnormal stretch-related torque 
responses to active hip flexion [5] suggest that spinal hyperexcitability post stroke 
contributes to deficits in motor output.  The effect of this contribution, and therefore of 
spinal excitability, on neuromuscular fatigue remains largely unknown in chronic stroke.  
Therefore, determining the role of spinal pathways in fatigue prevention would provide 
meaningful information for clinical rehabilitation.   
Reduced force generation in the paretic lower limb is known to correlate with 
abnormal kinematics and kinetics of gait.  Asymmetric walking patterns, along with 
reduced walking speed and duration, are hallmarks of hemiparetic disability [3, 4, 6].  
Knowledge of the influence of lower limb neuromuscular fatigue on walking function 
and performance is incomplete.  Hyngstrom et al. (2012) showed that reduced hip flexor 
force generation of the paretic limb correlated with shorter time to task failure during 
sustained submaximal contractions.  Because weakness of the paretic limb impairs 
mobility, understanding the fatigue mechanisms that exacerbate weakness to cause task 
failure will improve clinical strategies that aim to advance ambulation.     
 Understanding if neuromuscular fatigue is altered in the paretic knee extensors 
and the origins of the altered fatigability is important for developing appropriate 
rehabilitation strategies that optimize mobility.  Despite the clinical and functional 
implications, limited information currently exists on this topic.  Currently, no studies 
involving stroke have assessed neuromuscular knee extension fatigue by way of 
submaximal, intermittent contractions.  Intermittent contractions, which provide more 
time for sufficient blood flow to the source, limit the effects of muscle ischemia while 
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still fatiguing the neuromuscular system.  Thus, the purposes of this study were to (1) 
quantify differences in neuromuscular fatigability of the paretic knee extensors during 
repetitive intermittent isometric submaximal knee extension contraction, (2) to 
understand the contribution of peripheral and central factors by using measurements of 
electromyography amplitude and median frequency, maximum rate of contraction and 
relaxation, reflex responses, and muscle fiber conduction velocity, and (3) relate 
differences in neuromuscular fatigability post stroke to clinical measures of walking 
function.  We hypothesized that the stroke subjects would fail sooner, that fatigue would 
have little effect on peripheral measures in stroke subjects, and that stroke subjects‟ time-
to-task failure would correlate with walking speed.   
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2.2 Methods 
2.2.1 Subjects 
A total of 26 subjects, 10 adults with stroke and 16 neurologically intact age- 
matched controls completed this study (see  
Table 2-1 for characteristics).  Inclusion criteria for all subjects were: at least 18 
years of age with the ability to give informed consent.  Additional inclusion criteria for 
stroke subjects consisted of: 1) ≥6 months post diagnosis of stroke, 2) first time stroke, 
and 3) residual leg paresis.  A medical screening excluded any subject if they had: 1) risk 
factors associated with exercise, 2) lower back pain and 3) history of knee soreness 
and/or surgery.  Stroke subjects were excluded if they reported: 1) history of multiple 
strokes, 2) were unable to follow 2 step verbal commands, and 3) could not walk ≥10ft 
without physical assistance.  Of the 16 control subjects to complete the study, 10 (mean 
age of 60.6 ± 9.6) were chosen for analysis based on best age, sex and fitness matches to 
the stroke subjects.  Each study group consisted of 5 males and 5 females.  Prior to the 
study each stroke subject underwent a functional testing session that determined their 
self-selected walking speed (SSWS) over a 10m flat surface and Fugl Meyer (FM) score 
[50].   
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Subject Age Sex Hemisphere 
Affected 
Time Since 
Stroke 
(months) 
Fugl Meyer 
(Lower 
Extremity) 
Self-Selected 
Walking Speed 
(m/s) 
S1 64 M R 65 27 1.24 
S2 62 F R 191 12 0.84 
S3 54 M R 62 24 1.10 
S4 48 M L 49 28 1.04 
S5 61 F L 257 32 1.10 
S6 65 F R 80 25 0.38 
S7 59 M L 110 24 1.10 
S8 64 F R 110 32 0.80 
S9 80 F R 94 21 0.60 
S10 62 M L  90 21 0.90 
 
Table 2-1.  Characteristics of stroke subjects 
2.2.2 Experimental Setup 
Before being seated, a marker was applied on the lateral thigh of each subjects 
test leg at twenty 20% of their femur length from the lateral epicondyle to standardize the 
amount of base support by the seat.  Subjects were then seated upright on a System 3 
Dynamometer (Biodex Medical Systems, Shirley, NY) with the test leg hip and knee 
angles at approximately 90 degrees of flexion.  A JR3 E-series 6 axis load cell (JR3, Inc., 
Woodland, CA) was mounted to the dynamometer spindle via a custom aluminum 
coupling to measure knee torque.  A quarter inch aluminum arm extended from the axis 
of the load cell to a bracket that secured either left or right ankle attachments.  The 
patellar tendon of the test leg was initially located using a reflex hammer.  A P series 
Linmot linear motor (LinMot Inc, Delavan, WI) administered 5 taps to the patellar tendon 
to illicit a stretch reflex.  The tendon tapper was controlled by a Linmot E1010 servo 
controller for voltage-sensitive velocity output.  A 2.0V, 50ms, input to the servo 
controller generated a near-constant tap velocity of 1.28 ± 0.052m/s.  A linear variable 
differential transformer (LVDT) Accusens Series 2000 DC-EC (Measurement 
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Specialists, Inc., Hampton, VA) was mechanically coupled to the motor to measure the 
linear motor displacement during the tendon taps. The tendon tapper was mounted on a 
sturdy, adjustable, stand and positioned approximately 1 inch from the surface of a 1x1 
inch rubber eraser centered over the tendon to displace the force across the tendon.  
Disposable adhesive gel electrodes (Vermed®, Ilmehau, Germany) were placed in a 
bipolar arrangement on the following muscle bellies of the test leg: 1) vastus medialis 
(VM), 2) rectus femoris (RF), 3) medial hamstring (MH), 4) medial gastroc (MG)  and 5) 
tibialis anterior (TA).  The electrode leads were amplified at 1000V/V by an AMT-8 
Octopus (Bortec Electronics, Inc., Alberta, Canada).  A ground electrode was placed on 
the medial malleolus of the tibia. Torque and EMG data were collected using custom 
LabVIEW (National Instruments Corp., Austin, TX) programs, which also generated the 
control signal for the Linmot servo controller.  EMG and torque inputs were low-pass 
filtered (500Hz) and sampled at 1 kHz using a PCI DAQ (National Instruments).    
Muscle fiber conduction velocities were recorded via a 64 channel surface array 
EMG placed over the motoneuron innervation zone of the vastus lateralis (EMG-USB2, 
OT Bioeletrronica
©
, Torino, Italy).  The EMG amplifier was connected to a separate 
laptop computer with OT-specific software with 1048Hz acquisition and real-time EMG 
display.  Adhesive foam connected the array to the skin of the subject, and approximately 
20µL of conductive gel was injected via pipette into 2mm pores in the foam adhesive 
which paired to a conductive opening for each channel of the array.  A ground electrode 
was placed on the lateral malleolus of the fibula and connected to the OT
©
 amplifier.  The 
motoneuron innervation zone was located using the techniques detailed in Merletti (2003) 
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in which small proximal-distal and/or medial-lateral adjustments of a 16 channel array 
were done while observing the recordings in real-time to locate the innervation zone [51].  
2.2.3 Experimental Protocol 
 
Figure 2.1  Schematic of Experimental Protocol for Chapter 2.   
A. Pre and post fatigue tendon taps; recovery MVCs at 4, 7, and 12 minutes. Triangles 
represent 5 tendon taps.  B. Fatigue cycle protocol consisting of 5 contractions sustained 
at 30% MVC for 6 seconds with 4 seconds interim rest.  A 6 second fatigue cycle MVC 
followed 5 seconds after the 5th intermittent contraction.  The fatigue cycle protocol was 
repeated until each subject reached task failure. 
Subjects first performed a series of 6 second isometric maximal voluntary 
contractions (MVCs) of the knee extensors to determine peak knee extension torque 
(Figure 2.1).  MVCs were repeated until peak torque between 2 or more contractions 
were within 5%, with a minimum of 60 seconds rest between each MVC.   
To examine excitability of stretch reflex pathways, five tendon taps were 
delivered directly before and immediately after the fatigue protocol.  The fatigue protocol 
began immediately following the last pre-fatigue tendon tap.   Subjects performed 
repeated fatigue cycles consisting of five intermittent knee extension contractions 
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sustained at 30% MVC for 6 seconds (Figure 2.1 B).  Four seconds of rest was provided 
between each intermittent contraction.  A 6 second fatigue cycle MVC occurred 5 
seconds after the 5
th
 intermittent contraction.  Therefore, the total time of one fatigue 
cycle was 62 seconds.  The fatigue cycle protocol was repeated until the subject reached 
1 of 3 failure criteria: 
1. Subject failed to produce torque greater than 20% of MVC for more than half (3 
seconds) of 1 or more intermittent contractions (monitored by algorithm in 
acquisition). 
2. Subject torque dipped below 20% of MVC 3 or more times during the intermittent 
contraction (monitored by algorithm in acquisition). 
3. If the subject successfully completed 60 minutes (approximately 57 cycles) of the 
fatigue protocol, the protocol was ended. 
When any one of the three failure criteria was satisfied, the fatiguing protocol was 
terminated at the completion of the current cycle.   Five post-fatigue tendon taps were 
administered immediately following the fatigue protocol.  In between the post-fatigue 
TTs and recovery MVCs, two submaximal target tracking tasks were performed, the 
results from which are not reported in Chapter 2:.  Lastly, recovery MVCs were 
performed at 4, 7, and 12 minutes after the end of the fatigue protocol.   
2.2.4 Data Processing and Analysis of Torque and EMG 
All data was processed using custom Matlab (The Mathworks, Natick, MA) 
programs.  Initial processing included: 1) calibration of the 6 axis load cell to output Z-
axis (coronal plane) torque, 2) low-pass filtering (15Hz) of the Z-axis torque using a 4
th
 
order zero phase Butterworth filter (filtfilt command in Matlab), 3) correction for the 
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„baseline‟ knee torque produced by weight of the leg in the brace, and 4) band-pass 
filtering (10-499Hz) of EMG using a 4
th
 order Butterworth filter.  Both torque and EMG 
data were also band-reject filtered (59-51Hz) to remove 60Hz line voltage.  The root 
mean square (RMS) of the EMG signal was calculated using a 100-ms sliding window 
for each trial of the protocol. 
Fatigue Protocol Analysis  
EMG and torque data from each intermittent contraction during the fatigue 
protocol was analyzed for a 3 seconds epoch ending at the relaxation time (Figure 2.2).  
The mean of the RMS EMG was calculated for each epoch.  EMG co-contraction was 
calculated over the intermittent epoch by dividing MH EMG by RF EMG.  The median 
frequency of the RF and VM EMG was calculated for each epoch using a power spectral 
density (PSD) analysis.  The PSD of the epoch was estimated using Welch‟s method 
(pwelch in Matlab) with a 50% overlapping window of 2
11
 (2048), resulting in a 
frequency resolution of 0.488Hz.  The median frequency for both muscles was averaged 
over the intermittent contractions of the first fatigue cycle and the last fatigue cycle to 
determine changes in pre and post-fatigue values.  The peak torque was calculated for 
each fatigue-cycle MVC to quantify the reduction in voluntary force production with 
fatigue.   
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Figure 2.2   Representative Matlab figure of processed fatigue cycle torque data.   
Filtered torque shown in blue.  Three second epoch for which torque and EMG metrics 
were calculated is represented by the thicker red trace.  Green circles represent the end 
the beginning of relaxation. 
To determine the effect of fatigue on rate of force production, the maximum slope 
of contraction and relaxation was calculated and averaged over the first three and last 
three fatigue cycle MVCs.  The slope was approximated (diff in Matlab) over a user 
defined region of contraction and relaxation for each fatigue cycle MVC.  The rate was 
then converted to be expressed in units of Newton-meters per second.    
Tendon Tap Analysis  
To verify that the tendon tapper struck the patellar tendon at the same 
approximate location for pre and post-fatigue measurements, 2 different color paints, 
corresponding to pre and post-fatigue tendon taps respectively, were applied to the tip of 
the tapper before each set of taps.  Visual comparisons of the center locations of each 
paint mark pre and post-fatigue were completed to validate that the placement of the taps 
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was consistent between measurements.  The maximum and minimum (peak-to-peak) 
EMG action potentials for the VM and RF muscles were calculated for each of the 5 
tendon taps before and after fatigue.  The time duration from peak-to-peak of the EMG 
action potential was also calculated for pre and post tendon taps.   
Note: Post fatigue VM peak-to-peak EMG responses in many control subjects 
were indistinguishable from noise levels.  In this case, peak-to-peak EMG 
amplitude was recorded within a 50ms epoch after tap.  However, without a 
distinguishable spike response, the peak-to-peak EMG duration for these subjects 
was not included in the calculations. Therefore, peak-to-peak EMG duration was 
calculated in only 4 control subjects 
The maximum torque response from each tendon tap was calculated and normalized to 
baseline MVC.   
2.2.5 Data Processing of OT© EMG 
Change in muscle fiber conduction velocity pre and post-fatigue were determined 
per subject by calculating the mean CV over the first and last 2 fatigue cycle MVCs.  CV 
estimates were obtained using OT specific post processing software.  Briefly, a double 
differential across 3 consecutive channels within a column of the EMG array determined 
the CV in meters/second.  A cross-correlation coefficient associated with each CV 
estimate was used to determine the reliability of the signal.  Therefore, a visual display of 
each numbered channel allowed for the user to make an initial visual identification of 
which 3 consecutive channels had the clearest propagating potentials.  A CV estimates 
were only used if their associated cross-correlation coefficients remained greater than 0.6 
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at both the first and last 2 fatigue cycle MVCs.  The latter criteria produced reliable 
estimates from 7 stroke subjects and 8 control subjects.   
OT
©
 EMG Testing Disclosure: The OT
©
 EMG equipment was made 
available for discrete time periods during testing.  The OT
©
 EMG was 
available during the testing of nine (9) stroke subjects and twelve (12) 
control subjects.  Of these nine (9), only 5 (five) produced CV estimates 
with cross-correlation coefficients greater than 0.6.  In addition, one (1) 
pilot stroke subject successfully completed the entire fatigue protocol with 
the OT
©
 EMG.   
Disclosure 1: To increase statistical power, the mean CV 
estimates presented in this thesis include 1) CV results from 
the five (5) stroke subjects and 2) CV results from the pilot 
stroke subject.  This exception applies only to CV results: all 
other reported measures include data only from the ten (10) 
stroke subjects presented in Table 2-1. 
Of the ten (10) age-matched controls included in the results of this study, 
five (5) were tested with the OT
©
 EMG.  Of these five (5) age-matched 
subjects, four (4) produced CV estimates with cross-correlation 
coefficients greater than 0.6.   
Disclosure 2: To increase statistical power, the mean CV 
estimates presented in this thesis include results from four (4) 
non-age-matched control subjects that had sufficient cross-
correlation coefficients.  This exception applies only to CV 
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results: all other reported measures include data only from the 
age-matched controls. 
2.2.6 Statistical Analysis 
All statistical analyses were performed using SPSS 18 (IBM® SPSS Statistics 
Editions, Chicago, IL).  Group comparisons of time-to-task failure, baseline MVC, and 
percent EMG reduction were calculated using independent t-tests with equal variances 
assumed.  One way analysis of variance (ANOVA) with repeated measures tested 
differences in pre and post-fatigue measurements of EMG co-contraction, normalized TT, 
and muscle fiber CV between groups.  The effect of time (pre versus post-fatigue) and 
time by group interactions were assessed for within-subject factors.  The effect of group 
(stroke versus control) was determined between subjects.  These statistical analyses 
provided evidence of differences in peripheral fatigue between groups at the end of the 
fatigue protocol.  Bivariate correlations compared baseline MVC, normalized peak TT, 
and SSWS to TTF using Pearson‟s correlation statistic.  Type I error set at   = 0.05 (p < 
0.05) determined significance for all conditions.   
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2.3 Results 
2.3.1 Pre-Fatigue Measurements 
The maximum voluntary output torque was higher in the control group compared 
to the stroke group (Figure 2.3, independent samples t-test, p = 0.038).  The average pre-
fatigue tendon tap was lower for the controls (8.7.3 ± 1.7Nm) than for stroke subjects 
(12.9 ± 2.1Nm), but this difference was not significant (p = 0.15).   
 
Figure 2.3  Baseline maximal voluntary contraction (MVC) of the knee extensors.   
Control subjects produced significantly greater torque output with 119.4 ± 18.0Nm, 
compared to stroke, 75.2 ± 10.5Nm (p= 0.038). 
2.3.2 Time-to-Task Failure 
There was evidence of greater fatigue in the stroke subjects based on the measure 
of time-to-task failure.  Stroke subjects failed the fatigue protocol significantly sooner 
than control subjects (p = 0.029).  On average, stroke subjects lasted 27.4 ± 4.2 min 
compared to 40.2 ± 4.6 min for control subjects (Figure 2.4).  All stroke subjects and 7 
control subjects reached task failure due to either failure criteria 1 or 2 (see 2.2.3 
Experimental Protocol).  Three control subjects completed a full hour (≈ 57 fatigue 
cycles) of the fatigue protocol, satisfying failure criteria 3.   
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Figure 2.4  Group time to task failure (TTF).  
Stroke subjects fail the fatigue protocol significantly sooner, 27.4 ± 4.2min, compared to 
controls, 40.2 ± 4.6min (p=0.029). 
2.3.3 EMG 
Stroke subjects did not modulate their muscle activation with fatigue compared to 
controls based on metrices of EMG amplitude.  The RMS EMG averages of the first 3 
and last 3 fatigue cycles did not vary significantly for stroke subjects.  The averaged 
amplitudes were 0.024 ± 0.003mV (first 3) and 0.025 ± 0.003mV (last 3) for RF, 0.035 ± 
0.005mV (first 3) and 0.039 ± 0.009mV (last 3) for VM, and 0.009 ± 0.001mV (first 3) 
and 0.0087 ± 0.001mV (last 3) for MH.   In contrast, the RMS amplitude of all three 
muscles in controls increased from the first to the last 3 fatigue cycles.  The percent 
increase in RMS EMG amplitude was significantly greater in RF and MH muscles (p = 
0.033 and p = 0.018, respectively) and was greater in the VM muscle compared to stroke 
subjects (Figure 2.5 A).   
Mean co-contraction of agonist-antagonist musculature is reported in Figure 2.5 
B.  There was a between-group effect showing significantly greater relative MH/RF 
EMG in stroke subjects than in controls (p = 0.001). There was no within-group effect 
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between the first and last fatigue cycles.  In summary, the controls showed an increase in 
surface EMG amplitude during the intermittent fatiguing contractions compared to the 
stroke subjects, while the stroke subjects demonstrated a greater, but not a fatigue-
induced increase, in co-contraction.   
The results from the EMG median frequency analysis showed that control 
subjects had relatively larger reductions in median frequency values than control subjects.  
In the VM muscle, the percent reduction in median frequency between the intermittent 
contractions of the first and last fatigue cycle was 11.3% in control compared to only 
5.11% in stroke subjects.  In the RF muscle, median frequency reduced by 15.2% in 
control compared to 11.5% in stroke subjects.  However, there was no group x time (pre 
vs. post-fatigue) interaction for median frequency in both the VM (ANOVA, p = 0.22) 
and RF (ANOVA, p = 0.61) muscles.   
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Figure 2.5  Comparisons between the 5 intermittent contractions of the first and 
last fatigue cycle EMG.   
A. Percent difference between the average EMG of the RF, VM, and MH muscle 
groups.  Significant percent difference in RF (p=0.033) and MH (p=0.018) muscles 
between stroke and control subjects. B. Co-contraction represented by mean MH/RF 
EMG of the first and last fatigue cycle.  Less co-contraction in control subjects for both 
first and last fatigue cycle time points (ANOVA, p = 0.001). 
2.3.4 MVC Maximum Rate of Contraction and Relaxation 
The maximum rate of contraction (Nm/s), averaged over both the first and last 3 
fatigue cycle MVCs, was significantly greater in control subjects (ANOVA, p = 0.008).  
This trend also applied for rate of relaxation (ANOVA, p = 0.003).  A trend toward 
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fatigue cycle (first 3 vs. last 3) by group interaction suggested that control subject 
contraction rates decreased with fatigue more than stroke subjects (ANOVA, p = 0.054).  
This difference was evident when comparing percent decreases in contraction rate 
between the first and last 3 measured cycles of control and stroke subjects: 111.2% 
versus 73.4%, respectively.  This is evidence of greater peripheral fatigue in control 
compared to stroke subjects. 
 
Figure 2.6  Peak contraction and relaxation rates averaged across the first 3 and last 
3 fatigue cycle MVCs.   
The rate of contraction and relaxation remained significantly greater in control subjects 
for both cyclic MVC measures (ANOVA, p = 0.008).  Both groups indicated significant 
reductions in contraction and relaxation rates with fatigue (ANOVA, p = 0.001).   
2.3.5 Tendon Taps 
Torque and peak-to-peak VM EMG were used to quantify changes in tendon tap 
reflex response pre and post-fatigue and across subject groups.  The magnitude of the 
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stroke subjects‟ tendon tap torque response did not change from pre to post-fatigue 
recordings (Figure 2.7).  There was a trend toward a group by time (pre vs. post-fatigue) 
interaction (ANOVA, p = 0.054).  Comparing the percent decrease in pre to post-fatigue 
tendon tap values was significantly greater in control subjects, with 91.4 ± 17.6% 
reduction than stroke subjects, with only 16.0 ± 14.7% reduction (p = 0.005).  Note that 
reflex responses were only illicited in 9 out of 10 control subjects.  Figure 2.8 provides 
single-subject data for better visual interpretation. 
 
Figure 2.7  Mean of the 5 tendon taps directly before and after the fatigue protocol.   
There was a trend toward a group by time (pre vs. post-fatigue) interaction (ANOVA, p = 
0.054).  Control subjects had significantly greater percent reductions in tendon tap torque 
responses than stroke subjects (p = 0.005).  
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Figure 2.8  Representative single subject data of pre and post-fatigue tendon taps.   
Peak-to-peak VM EMG spike potentials from TTs reduced by 14.8 ± 20.1 percent 
after fatigue in control subjects (n = 8, Figure 2.9 A), which is significantly less than the 
percent reduction in torque response (p = 0.001).  Stroke subjects displayed a smaller 7.0 
± 16.5 percent decrease in peak-to-peak EMG from pre and post-fatigue TTs (n=9). 
Peak-to-peak VM EMG duration, or the time between the consecutive spike 
potentials, increased 23.2 ± 18.6 percent in control subjects (n = 4, Figure 2.9 B).  In 
stroke subjects, the percent difference in peak-to-peak VM duration was small; -1.8 ± 6.2 
(n = 9). Refer to 2.2.4 Data Processing and Analysis of Torque and EMG to note the 
discrepancy between sample sizes in control subject peak-to-peak VM measurements.   
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Figure 2.9  Percent changes in peak-to-peak VM EMG response from pre and post-
fatigue tendon tap.  
A. Percent reductions in peak-to-peak amplitude (mV) are -14.8 ± 20.1 in controls (n=8) 
compared to only -7.0 ± 16.5 for stroke subjects (n=9).  B.  Control subjects time 
duration (ms) from peak-to-peak increased with fatigue (n = 4); percent difference 23.2 ± 
18.6, but minimally changed in stroke; percent difference -1.7 ± 6.3 (n = 9). 
2.3.6 Muscle Fiber Conduction Velocity 
Conduction velocity estimates provided further evidence of less peripheral fatigue 
in stroke compared to stroke subjects.  In control subjects, CV estimates of the VL 
muscle belly taken at the beginning of the fatigue protocol averaged 5.519 ± 0.35 m/s and 
significantly reduced (ANOVA, p = 0.008) to 4.451 ± 0.374 m/s at task failure (Figure 
2.10, n = 8).  Conversely, stroke subjects displayed little decrease in CV pre versus post-
fatigue, with mean estimates of 4.465 ± 0.274 m/s and 4.223 ± 0.293 m/s, respectively (n 
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= 6).   Refer to OT© EMG Testing Disclosure for details on group sample sizes for CV 
estimates. 
 
Figure 2.10  VM muscle fiber conduction velocity estimates of the first and last 2 
fatigue cycle MVCs.   
Control subject mean CV decreased significantly, from 5.5 ± 0.4m/s to 4.5 ± 0.4m/s 
(ANOVA, p = 0.008, n = 8).  Little decrease occurred in stroke subjects; 4.2 ± 0.3m/s to 
4.2 ± 0.3 m/s (n = 6). 
2.3.7 Recovery Measurements 
The percent reduction in MVC from baseline to the last fatigue cycle MVC was 
greater in control subjects (50.1 ± 4.9%) than in stroke subjects (45.1 ± 3.6%).  
Therefore, while both populations achieved task failure using the same failure criteria, 
control subjects yielded the greatest net reduction in MVC magnitude.  The rate of 
recovery during the 4, 7, and 12 min post fatigue MVCs was the same for both groups 
(Figure 2.11).  The greater reduction in control subject MVC magnitude during the 
fatiguing protocol led to a significant difference in recovery magnitude between both 
groups (ANOVA, p = 0.018).   
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Figure 2.11  Recovery measures normalized to baseline MVC.   
Control subjects ended the fatigue protocol with a greater reduction in MVC, which 
resulted in a significant group effect through subsequent recovery MVCs (ANOVA, p = 
0.018) 
2.3.8 Correlations with Time-to-Task Failure  
In both groups there was a trend toward quicker task failure with stronger knee 
extension MVC (see Figure 2.12 A).  In stroke subjects, this trend was significant; 
baseline MVCs correlated negatively with time-to-task failure (R
2
 = 0.520, p = 0.02).  
There was no correlation between post-fatigue tendon tap torque response and time-to-
task failure in both stroke (R
2
 = 0.01) and control subjects (R
2
 = 0.03, see Figure 2.12 B).  
Therefore, greater post-fatigue reflexes after stroke did not relate to the fatigability of the 
paretic knee extensors.   
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Figure 2.12  Torque output versus time-to-task failure.  
A. Baseline MVCs correlate with time-to-task failure in stroke (R
2
 = 0.52, p = 0.02) but 
not in control subjects (R
2
 = 0.3, p = 0.1). B. Post fatigue peak tendon taps did not 
correlate with time-to-task failure in both stroke (R
2
 = 0.01) and control (R
2
 = 0.03) 
subjects. 
The paretic leg‟s TTF was negatively related to self-selected walking speed 
(SSWS, R
2
 = 0.37, Figure 2.13).  Therefore, those with slower walking speed lasted 
longer during the fatigue protocol.  
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Figure 2.13  Stroke subject self-selective walking speed (SSWS) negatively 
correlated with time-to-task failure (R
2
 = 0.37). 
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2.4 Discussion 
 
The primary result of this paper is that stroke subjects have a shorter time-to-task 
failure during submaximal intermittent knee extension contractions.  Furthermore, taken 
together the results suggest that central factors played a larger role in paretic knee 
extensor fatigability than peripheral factors.  Specifically, this evidence is provided by 
lack of EMG modulation, no decrease in tendon tap reflex amplitude, no change in 
muscle fiber CV, and larger post-fatigue MVC recovery in stroke subjects compared to 
controls.   In controls, however, peripheral or muscular factors appear to play a more 
dominant role as EMG amplitude increased, tendon tap reflex amplitude and peak-to-
peak EMG duration decreased, and muscle fiber CV decreased with fatigue.  The 
discrepancy in CV reduction across groups suggests a greater preponderance of 
peripheral neuromuscular fatigue in control compared to stroke subjects.   These findings 
are clinically significant for stroke subjects because the time-to-task failure was shown to 
negatively correlate with walking speed, indicating a functional connection between 
ambulation and endurance level of the knee extensors.   
2.4.1 Possible Origins of Central Neuromuscular Fatigue Post Stroke.   
After stroke, abnormal muscle force during non-fatiguing contractions has been 
associated with reduced voluntary drive [52, 53], and reductions in motor unit (MU) 
recruitment and firing rate capacity [29, 54, 55].  For example, baseline reductions in 
contraction and relaxation rates are likely the calmative effects of altered 
neuromodulatory input, abnormal MU recruitment, and reduced MU discharge rates post-
stroke.  In this study, the significantly lower contraction and relaxation rates in the stroke 
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subjects are indicative of the latter effects.  These results are in agreement with data by 
Gerrits et al. (2009) in which the paretic knee extensors had slower maximum rates of 
torque development compared to the non-paretic limb in 8 of 10 subjects [31].  During 
fatigue, multiple factors affect rate of contraction, with changes in myofibril contractile 
efficiency, such as Ca
2+
 release and reuptake and rate of cross-bridge formation and 
dissociation, being largely responsible [13].  The fact that control subjects had a larger 
percent reduction in contraction and relaxation rates than stroke subjects suggests that the 
fatigue task caused greater peripheral fatigue in control compared to stroke subjects.   
It is likely that differences in peripheral fatigue after stroke also affect EMG 
output.  In healthy individuals, increased EMG amplitude after exercise is evidence that 
MU firing rate and/or MU recruitment is increasing to meet the demands of the task [10].  
During sustained submaximal contractions, MU recruitment increases with fatigue to 
maintain the force output required by the task.  Post stroke, literature has shown that MU 
recruitment is not modulated over the time frame of a sustained submaximal fatiguing 
contraction [8].  Therefore, the minimal increase in EMG amplitude at the end of the 
fatiguing protocol (Figure 2.5) was consistent with central limitations in up-regulating 
output at the spinal level - despite reserves in the muscle fibers themselves.   
 Interestingly, the percent reduction in control subjects‟ tendon tap torque response 
was over 6 times greater than peak-to-peak EMG percent reduction between pre and post-
fatigue tendon taps (91.5 ± 17.6% versus 16.0 ± 14.7%, respectively).  This indicates that 
the reduced excitation of the reflex loop was much less than the reduced force generating 
capacity of the knee extensors after fatigue, suggesting that the reduction in reflex 
response was dictated by peripheral factors post-fatigue.  In stroke, the normalized tendon 
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tap response did not change after fatigue (see Figure 2.7), and peak-to-peak EMG 
reduction was minimal.  In contrast to these results, Biro et al. (2009) reported that 
healthy subjects‟ peak-to-peak EMG, but not torque, increased significantly from patellar 
tendon taps administered at the beginning and end of a knee extension fatigue protocol.  
This discrepancy may be explained by the younger age (23.6 ± 4.43 years) of participants 
in their study, as well as unclear presentation of which muscles were reported. 
 In previous literature, shifts in EMG median frequency during fatigue have been 
interpreted as the relative slowing of muscle fiber propagation and discharge rates [18].  
When examining EMG frequency in the upper limb of stroke subjects, Riley et al. (2002) 
reported that the median EMG frequency of the paretic arm did not change compared to a 
25-30% decrease in the non-paretic arm during a with a maximally sustained fatiguing 
contraction.  Riley et al. (2002) suggested that the difference between paretic and non-
paretic limbs was associated with a reduced capacity of central structures to activate the 
paretic muscles.  Our results indicate that percent decreases in median frequency were 
relatively larger in control subjects.  However, these results did not provide evidence that 
median frequency decreased significantly more in control compared to stroke subjects.  
The discrepancy between our results and those reported by Riley et al. (2002) are likely 
due to differences in the load level of the fatiguing contraction.  For example, it has been 
documented that a greater amount of fast-fatiguing type 2 fibers are recruited during a 
maximum contraction compared to submaximal contractions [17].  Therefore, changes in 
EMG median frequency may not be as prominent and may not differ between stroke and 
control subjects during fatiguing tasks at submaximal levels.   
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Unlike EMG frequency, which is a summed response of multiple myoelectric 
properties (i.e. muscle fiber propagation and firing rates), conduction velocity is a direct 
measure of the depolarization rates along a muscle fiber.  Using CV measures, our data 
also demonstrated that fatigue affected muscles differently between stroke and control 
groups.  The significant post-fatigue reductions in control subjects‟ CV are consistent 
with published data using both maximal [14, 18] and submaximal fatiguing protocols [14, 
18].  According to Merletti et al. (1990), if CV reduces by a factor k, the time scale of the 
myoelectric signal should expand by approximately the same factor.  The measured 
increase in control subjects‟ peak-to-peak action potential duration of the VM muscle 
during post-fatigue tendon taps is concomitant with their reduction in CV, further 
indicating that peripheral mechanisms dominated fatigue in controls.   
 In the stroke subjects, the absence of CV reduction in the presence of fatigue 
indicates that fatigue to the point of task failure does not affect the myoelectric properties 
of the paretic muscle, further implicating central contributions.  Concomitantly, the 
relatively small increase in post stroke, post-fatigue, peak-to-peak action potential 
durations appropriately translates to the minimal changes in post-fatigue CV.  While this 
adds to the argument that central fatigue is the cause of task failure, the lack of relevant 
research offers no direct comparison.   
2.4.2 Contributions of Reflex Pathways to Force Generation during a Fatiguing 
Contraction  
Because motoneurons receive less cortical drive after stroke, stroke subjects likely 
rely on other motoneuronal inputs for force generation.  Increased spinal reflexes are 
reported in this paper with pre and post-fatigue tendon taps (Figure 2.7), and have been 
well documented in other spastic muscle groups post stroke [38, 39, 56].  Recent 
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evidence also indicates that hyperexcitability of spinal pathways in chronic stroke may be 
a necessary contributor to force generation [5, 42, 57].  For example, Suresh et al. (2011) 
has shown that tendon vibration on the paretic biceps has a significantly larger effect on 
force output compared to controls.  However, currently there is no evidence linking force 
generation from spinal reflexes to reduced fatigability after stroke.  In healthy 
individuals, increasing reflex activity during a fatiguing contraction has been shown to 
improve endurance time [58, 59].   Mottram et al. (2005) has shown that excitation of Ia 
reflex pathways of the biceps brachii through tendon vibration increased time to task 
failure during a sustained submaximal contraction [59].  When examining the effects of 
fatigue on reflex pathways, Biro et al. (2007) reported that post-fatigue tendon vibration 
of the quadriceps prevented a decrease in voluntary activation despite reductions in 
stretch reflex and MVC output [21].  In this study, we showed that post-fatigue tendon 
tap torque responses did not relate to time-to-task failure in both groups.  Therefore, 
despite the fact that stroke subjects maintained significantly greater torque reflex 
responses than controls, our results indicate that this hyperexcitability did not assist in 
paretic knee extensor force generation during the duration of the fatiguing protocol.   
2.4.3 Functional Implications 
Strength training is fundamental to any rehabilitation protocol, but assumes the 
ability to fully fatigue the neuromuscular system [44].  Riley et al. (2002) reported 
smaller reductions in MVC with subsequently faster rate of recovery in the paretic elbow 
flexors after fatigue [29].  Our results showed that stroke subjects had smaller reductions 
in MVC despite failing sooner (see Figure 2.11).  This adds to the idea that the paretic 
muscle is not being fully activated and thus, full strength benefits may not be being 
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achieved.  If the paretic knee extensors reach task failure due to central deficits, and not 
muscle fatigue, then strength training in chronic stroke may not be effective in improving 
endurance level.  Interestingly, this study also showed that self-selected walking speed 
negatively correlated with time-to-task failure.  Since self-selected walking speed is a 
measure of function post-stroke, it may be interpreted that higher functioning individuals 
are affected by both central and peripheral neuromuscular fatigue components, which 
collectively lead to faster task failure.   
49 
2.5 Conclusion 
 
The results from this study demonstrate that chronic stroke survivors fail sooner 
compared to age-matched control subjects when performing repeated submaximal, 
intermittent contractions.  Interpretive measures of EMG amplitude, rate of contraction 
and relaxation, muscle fiber conduction velocity, and reflex response measured before 
and after fatigue suggest that central factors, and not muscle fatigue, lead to the brief 
time-to-task failure in stroke.  Additionally, both groups showed a trend that the strongest 
subjects failed the task sooner, and this relationship was significant for stroke 
subjects.Lastly, comparing rate of task failure with self-selected walking speed indicates 
a functional connection between ambulation and endurance level of the knee extensors 
post-stroke.   
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Chapter 3: Functional Implications of Neuromuscular 
Fatigue Post Stroke 
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3.1 Introduction 
 
Stroke survivors have difficulty regulating sub-maximal force generation during 
functional tasks such as walking and reaching.  These difficulties with force generation 
have been demonstrated in the paretic arm, resulting in increased targeting error during 
reaching [43, 60].   In the leg, deficits in force regulation manifest as asymmetric 
kinematics during over-ground [3, 61, 62] and treadmill walking [63, 64].  In addition to 
gait, the lower limbs require sufficient control of sub-maximal force generation to 
maintain balance and posture.  Presumably, damage to cortical regions and disruption of 
sub-cortical motor pathways post-stroke contribute to the loss of control of movement.   
However, the effect of fatigue on force modulation after stroke is not clear, with very few 
studies comparing paretic fatigability to lower limb function or motor performance [8, 31, 
32].  By examining changes in motor performance with fatigue, rehabilitative practices 
targeting lower limb motor control may be optimized for improved daily mobility and 
function.  Therefore, this study aims to quantify changes in submaximal motor 
performance of the paretic knee extensors during submaximal intermittent fatiguing 
contractions. 
Understanding the role of force fluctuations in task performance is well 
documented in healthy populations, and varies with task, load level, and physical fitness 
level of the individual [46].  Looking specifically at older adults (71.5 ± 4.3 years), Tracy 
et. al. (2002) reported impaired steadiness during low-force (2, 5, 10% MVC) isometric 
contractions but not during isokinetic contractions [65].   Increased variability during 
low-force isometric contractions is common across many muscle groups [66, 67] and is 
thought to be attributed to greater influence in the variation of motor unit (MU) discharge 
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rate [68].   Because multiple factors (i.e. muscle, task, activity level) affect motor 
performance, understanding the influence of neuromuscular fatigue on motor 
performance is complex.      
As with motor performance, neuromuscular fatigue is task dependent.  
Differences in time-to-task failure have been reported in the elbow flexors between 
constant force and constant position tasks at the same load level [69].  Voluntary 
activation post-fatigue is known to be significantly less during concentric compared to 
isometric contractions in the knee extensors [33].  As it relates to motor performance, the 
measurements of force variability, frequency of fluctuations, and error have been 
standard metrics of motor performance during fatigue.  For example, Singh et al. (2010) 
reported that sustained sub-maximal contractions of the knee extensors resulted in 
increased magnitude and frequency of force fluctuations [7].   
With limited information on the effects fatigue on function after stroke, recent 
research has looked to quantify changes in performance metrics as it relates to function 
for a given fatiguing task after stroke [8, 32].  For example, Hyngstrom et al. 2012 
reported that the paretic hip flexor‟s coefficient of variation during sustained submaximal 
contractions correlated negatively with comfortable walking speed. In addition to deficits 
in motor generation, sensory feedback is often compromised post stroke [70].  After 
stroke, lack of sensation has been associated with larger, slower-latency adjustments 
during targeted tasks, as more emphasis is put on visual feedback to determine force 
output [71].  Therefore, this study also looks to determine the effect of fatigue on the 
frequency of force corrections after stroke.   
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To date, most literature on neuromuscular fatigue after stroke focuses on the 
differences in metrics of fatigue (i.e. voluntary activation, maximal force production, 
EMG modulation) compared to the non-paretic or healthy limb [2, 5, 33, 72].  For 
example, Knorr et al. (2011) reported significantly greater reductions in voluntary 
activation in paretic ankle dorsiflexors compared to non-paretic dorsiflexors post-fatigue 
[33].  However, little research currently exists that correlates changes in neuromuscular 
fatigue with impaired motor performance post-stroke.  In particular, the impact of 
neuromuscular fatigue of knee extensors on metrics of control and the relationship with 
clinical measures of function during a sub-maximal intermittent fatiguing task has not 
been documented after stoke.  The objective of this study was to determine the effect of 
neuromuscular fatigue on submaximal force regulation in the paretic knee extensors by 
comparing performance measures before and after the fatiguing task.  Coefficient of 
variation provided a measure of torque steadiness while root mean square error was 
calculated to quantify torque offset during targeted submaximal tasks.  We anticipated 
that baseline variability and target error post-stroke will further increase with fatigue, and 
that neuromuscular fatigue will impair the frequency of force corrections.   
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3.2 Methods 
 
This chapter reports on the performance measures associated with the torque 
production recorded during the same fatigue protocol detailed in Chapter 2.  In addition, 
this chapter includes performance measures from two submaximal tracking tasks that 
were not reported in Chapter 2.  For clarification, Table 3-1 displays which task is 
reported in which chapter.  Methods that are identical to those described in 2.2 Methods 
will not be re-stated, only referred. 
 Results Reported 
  
Baseline 
MVCs 
5-20% 
Ramps 
2min steady-
state 
Pre and post-
fatigue TTs 
Fatigue 
protocol 
Recovery 
MVCs 
Ch. 2 •   • • • 
       
Ch. 3 • • •   •   
Table 3-1  Tasks performed by all subjects.   
The chapter for which the task results are reported are denoted by the solid circle.  Note: 
the metrics reported from the fatigue protocol are different in Chapter 2 and Chapter 3.   
3.2.1 Subjects 
Refer to 2.2.1 Subjects for details. 
3.2.2 Experimental Setup 
Refer to section 2.2.2 Experimental Setup for details.  
3.2.3 Experimental Protocol 
Before beginning the fatigue protocol, subjects performed two unique 
submaximal torque tracking tasks at a percentage of the subjects‟ baseline MVCs (see 
2.2.3 Experimental Protocol for details on baseline MVCs).  The first required the subject 
to trace a ramping target that scrolled 5 times from right to left across the monitor (see 
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2.2.2 Experimental Setup).  Temporally coupled to the ramped target was a real-time 
torque trace that the subject controlled by applying more or less extension torque on the 
load cell.  Each target ramp consisted of 4 second consecutive intervals of a 1) 5% MVC 
target plateau, 2) 3.75% MVC/s rising slope, 3) 20% MVC plateau, 4) -3.75% MVC/s 
falling slope (see Figure 3.1).  In the second tracking task, subjects sustain a contraction 
over a 2min period by matching a target line representing 10%MVC displayed on the 
screen.   
 
Figure 3.1  Representative single subject Matlab figure of one submaximal ramp. 
Black trace represents target torque.  Blue trace represents the subjects torque trace.  A. 
Half (2s) of the 5% MVC plateau.  B. 3.75% MVC/s rising slope (4s).  C. 20% MVC 
plateau (4s).  D. -3.75% MVC/s falling slope (4s).   
 
After the completion of the target ramps and 2 minute steady-state contractions, 
subjects were given approximately 2 minutes rest before beginning the fatigue protocol.  
Refer to section 2.2.3 Experimental Protocol for details on the fatigue protocol.  The 
target ramps and 2 minute steady-state contraction tasks were performed, in immediate 
succession, beginning no more than 15 seconds after the fatigue protocol.  Refer to Figure 
3.2 for a visual schematic of all the tasks performed for this chapter.  
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Figure 3.2  Schematic of Experimental Protocol for Chapter 3.   
A. Pre and post fatigue target ramps and 2min steady-state contractions.  B. Fatigue cycle 
protocol consisting of 5 contractions sustained at 30% MVC for 6 seconds with 4 seconds 
interim rest.  A 6 second fatigue cycle MVC followed 5 s after the 5th intermittent 
contraction.  The fatigue cycle protocol was repeated until each subject reached task 
failure. 
3.2.4 Data Processing and Analysis of Torque  
Knee extension torque was filtered and calibrated with the same parameters 
described in 2.2.4 Data Processing and Analysis of Torque and EMG.   
Fatigue Protocol 
To quantify measures of performance during the intermittent contractions, the 
torque coefficient of variation (CoV) and root mean square error (RMSE) were calculated 
over the three second epoch of each intermittent contraction and then averaged over each 
fatigue cycle (refer to Figure 2.2).  CoV was calculated to provide a measure of torque 
variability and was determined by dividing the standard deviation by the mean torque for 
each epoch.  RMSE was calculated the average difference, or „offset‟, between the 30% 
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MVC target and the actual torque produced by the subject, and was calculated with the 
below equation: 
RMSE = √
∑       
 
; where   = subject torque,    = target torque,   = number of samples. 
A power spectral density (PSD) analysis was applied to the knee extension torque 
during the epoch to examine its physiologic frequency content.  The PSD of the epoch 
was estimated using Welch‟s method (pwelch in Matlab) with a 50% overlapping 
window of 2
11
 (2048), resulting in a frequency resolution of 0.488Hz.  The PSD estimates 
were divided into 0.2-1Hz, 1-3Hz, 3-7Hz, and 7-15Hz frequency bins, and normalized by 
the total power from 0.2-15Hz.  The size of the frequency bins and the normalized total 
power were chosen based on work done in Baweja et al. (2011) [73].  
5-20% Target Ramps and 2minute Steady-State Tasks 
The ramped contractions were divided into four periods based on the target level: 
5% plateau, 5-20% upward slope, 20% plateau, and 20-5% downward slope periods, 
respectively.  CoV was calculated for the upward, 20% plateau, and downward periods.  
Torque CoV was calculated for the 2 minute steady-state contractions beginning at the 
point when subjects became acclimated to the target level (approximately2-5 seconds 
from the beginning of the task) to the end of the 2 minute contraction.   
3.2.5 Statistical Analysis 
All statistical analysis was performed using SPSS 18 (IBM® SPSS Statistics 
Editions).  One-way analysis of variance (ANOVA) with repeated measures compared 
pre and post-fatigue measurements of CoV (fatigue, ramp, and steady-state protocols), 
RMSE of the intermittent fatiguing contractions, and fatigue cycle MVC contraction and 
relaxation rates between groups.  The effect of time (pre versus post-fatigue) and time by 
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group interactions were assessed for within-subject factors.  The effect of group (stroke 
versus control) was determined between subjects.  A two-way repeated measures 
ANOVA compared means across frequency bins for pre and post-fatigue PSD torque 
measurements between groups.  Type I error set at   = 0.05 (p < 0.05) determined 
significance for all conditions.   
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3.3 Results 
3.3.1 Knee Extension Force Variability with Fatigue 
Stroke subjects had significantly greater knee extension CoV for all target-
matching tasks.  During intermittent fatiguing contractions in which target torque was 
greatest (30% MVC), stroke subject CoV was significantly affected by fatigue, increasing 
from 0.04 ± 0.006 to 0.067 ± 0.007 from the first to 2
nd
 to last fatigue cycle (ANOVA, p 
< 0.001, Figure 3.4 A).  Control subject CoV was also significantly affected by fatigue, 
increasing from 0.023 ± 0.003 to 0.061 ± 0.011 (ANOVA, p < 0.001), but remained 
significantly smaller than stroke subjects for both measures (ANOVA, p = 0.036).  Figure 
3.3 illustrates the greater variability in stroke subjects during the intermittent contractions 
of the fatigue cycle.   
There was evidence that during ramping contractions, stroke subjects had 
significantly greater CoV for all three measured ramp periods.  CoV magnitude was 
relatively equal within groups for both 5-20% and 20-5% MVC sloping periods (Figure 
3.4 B and D).  The greatest percent difference between groups occurred during the 20% 
MVC plateau period, in which stroke subjects produced 62.6% and 58.3% greater CoV 
magnitude for pre and post-fatigue measures, respectively (Figure 3.4 C).  CoV percent 
difference between groups was lowest for the sloping periods, with 47.0% (pre) and 
27.9% (post) during 5-20% periods, and 40.7% (pre) and 31.1% (post) during 20-5% 
periods.  Conversely, relative CoV magnitude was greatest during 5-20% and 20-5% 
sloping periods for both groups, approximately double that of the 20% plateau ramp 
period.  Fatigue did not significantly affect CoV magnitude in both groups for all ramp 
periods.   
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Figure 3.3  Representative single subject target torque data comparing the first and 
last fatigue cycles of a control and stroke subject.   
Note that target torque for both subjects is comparable, with 28.7Nm for the control 
subject and 30.0 for the stroke subject.   
 
During the 2min steady-state contractions, in which sustained target torque was at 
its lowest level (10% MVC), CoV magnitude in control subjects was relatively large; 
0.11 ± 0.05pre-fatigue (n = 9) and 0.12 ± 0.06 post-fatigue (n = 8).  Control subjects 
maintained significantly smaller CoV pre and post-fatigue, with 0.02 ± 0.00 and 0.05 ± 
0.01, respectively (n = 9, ANOVA, p = 0.048).  However, post-fatigue CoV significantly 
increased in control subjects (59.0 ± 11.9% increase, p = 0.036) but did not in stroke 
subjects (6.0 ± 30.2% increase).  
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Table 3-2  Percent increase in coefficient of variation (CoV) and root mean square 
error (RMSE) from pre and post-fatigue measures 
 Fatigue Protocol  2min Steady-State 
  CoV RMSE   CoV 
Stroke 51.4 ± 12.9  70.2 ± 15.3  6.03 ± 30.2 
Control 61.3 ± 12.2 81.9 ± 22.7   59.02 ± 11.9 
% Increase, pre and post-fatigue measures 
 
 
Figure 3.4  CoV pre and post fatigue.   
A. Mean CoV across the 5 intermittent contractions of the first and second to last fatigue 
cycle.  Both groups increased variability from first to last fatigue cycle (ANOVA, p < 
0.001), with stroke subjects maintaining significantly greater variation than controls at 
each measure (ANOVA, p = 0.036).  B. CoV averaged over the 5-20% MVC slope of the 
pre and post-fatigue ramps.  Stroke subjects had significantly greater variation (ANOVA, 
p = 0.02).  C. CoV averaged over the 20% MVC plateau of the pre and post-fatigue 
ramps.  Stroke subjects had significantly greater variation (ANOVA, p=0.011).  D.  CoV 
averaged over the 20-5% MVC slope of the pre and post fatigue ramps.  Stroke subjects 
had significantly greater variability (ANOVA, p = 0.018). 
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3.3.2 Frequency of Force Fluctuations with Fatigue 
The frequency of force fluctuations during intermittent fatiguing contractions was 
significantly different between groups at both first and last fatigue cycle measures 
(ANOVA, p < 0.001, Figure 3.5).  A significant bin*group interaction indicated that 
stroke subjects maintained greater percent power at the lowest frequency bin (0.1-1Hz), 
and significantly less percent power at 1-3, 3-7, and 7-15Hz bins compared to controls 
(ANOVA, p = 0.028).  Additionally, a fatigue cycle (first vs. last)*bin*group interaction 
indicated that control subject fluctuations shifted toward higher frequencies between the 
first and last fatigue cycle (ANOVA, p = 0.02).   
 
Figure 3.5  Torque PSD estimated as percent of total power per frequency bin.   
There was a significant cycle (first vs. last) *bin*group interaction (ANOVA, p = 0.02).  
This indicates that the frequency content of torque production changed with fatigue in 
control but not stroke subjects. 
3.3.3 Force Target Error with Fatigue 
RMSE, or the offset error from target torque, was the same for both groups when 
averaged over the intermittent contractions of the first fatigue cycle (stroke = 1.11 ± 
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0.19Nm, control = 1.02 ± 0.18Nm).  When normalized to their respective strength, stroke 
subjects had significantly greater error at the first fatigue cycle: control = 0.008 ± 0.0006, 
stroke = 0.02 ± 0.002 (p = 0.003, see Figure 3.6).  Fatigue significantly increased 
normalized error in both groups; control = 0.03 ± 0.01Nm, stroke = 0.03 ± 0.004Nm 
(ANOVA, p = 0.001).   
 
Figure 3.6  Mean RMSE of the intermittent contractions for the first and 2nd to last 
fatigue cycle normalized to baseline MVC.   
Stroke subjects had significantly greater error at beginning of fatigue protocol (p = 
0.003).  Error increased significantly with fatigue for both groups (ANOVA, p < 0.001). 
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3.4 Discussion 
 
The main result from this study is that force control in the paretic knee extensors, 
which is already significantly impaired before fatigue, further decreases with sub-
maximal intermittent fatiguing contractions.  Specifically, coefficient of variation (CoV) 
increased: 1) between the intermittent contractions of the first and second-to-last fatigue 
cycles, and 2) between the pre and post-fatigue upward sloping, 20% plateau, and 
downward sloping portions of the ramps.  Root mean squared error (RMSE) of the first 
and last fatigue cycles remained significantly greater in stroke than control subjects, 
though error increased significantly between both measures for control subjects.  
Additionally, the rate of contraction and relaxation during fatigue cycle MVCs decreased 
with fatigue and remained significantly smaller in stroke subjects.  Collectively, these 
results indicate that activities involving isometric knee extension force are accompanied 
by abnormal frequency and increased magnitude of force fluctuations after stroke.   
3.4.1 Effect of Fatigue on Force Fluctuations in Healthy Individuals 
During sub-maximal tasks that do not cause muscle fatigue, the resolution of 
force control is largely dependent on the proper modulation of muscle activation.  For 
example, the number of recruited motor units and their associated discharge rate is 
concomitant with the steadiness of a muscle contraction [46, 74].  In Laidlaw et al. 
(2000), altered discharge characteristics of motor units in the first dorsal interosseous 
muscle of old adults associated with decreased steadiness [75].  However, when a 
submaximal task is repeated or sustained to the point of fatigue, the entire neuromuscular 
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system may be compromised, increasing the factors that contribute to reduced motor 
control.  
Fatigue at both the muscular and neural level has been shown to reduce motor 
output and control in healthy individuals [12].  In this study, both relative variability 
(CoV) and normalized error increased significantly with fatigue.   These results are 
consistent with work done by Hunter et al., who have shown that the magnitude of force 
fluctuations increases steadily in the ankle dorsiflexors [76] and in elbow flexors [69] 
during sub-maximal isometric fatiguing contractions.  In addition to increased magnitude 
of force fluctuations, submaximal fatiguing contractions have been associated with 
changes in the frequency of force fluctuations [7].  When looking at frequency changes in 
knee extensor force fluctuations during submaximal isometric fatiguing contractions, 
Singh et al. (2010) reported significant reductions in spectral power between 0 and 4Hz 
while spectral power significantly increased between 8 and 12Hz [7].  Singh et al. (2010) 
suggested the spectral shift was likely a result of increased motor unit (MU) recruitment 
and/or increased firing rate of the knee extensors during fatigue.  In this study, control 
subjects displayed a post-fatigue shift in spectral power (see Figure 3.5) of the force 
fluctuations from lower to higher frequencies, adding to the evidence presented by Singh 
et al. (2010).   
3.4.2 Possible Mechanisms Underlying Increased Force Fluctuations Post Stroke 
Our data indicate that in chronic stroke, force variability and error during sub-
maximal isomeric knee extensions are inherently large.  Specifically, CoV magnitudes 
were significantly greater than controls for all three ramp periods (see Figure 3.4 B-D).  
Interestingly, the magnitude of variability was roughly twice as large for the upward and 
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downward sloping periods when compared the 20% plateau, indicating that tasks 
requiring a constant rate of force production (i.e. applying constant force to a gas pedal) 
may be noticeably more difficult post-stroke.   
The mechanisms influencing post-stroke increases in baseline variability and error 
are complex.  Although we did not test for factors causing reduced force control, 
evidence from other studies suggests that decreased drive from the motor cortex re-
organizes spinal and supraspinal structures, leading to abnormal force generation [72, 77, 
78].  Recent work has suggested that increasing sensory input to spinal pathways may 
effectively augment baseline motor instability post stroke [43, 60, 79].  For example, 
Conrad et al. (2011) reported reduced segmentation and error of planar tracking tasks of 
the upper limb when applying tendon vibration [60].  However, these methods have not 
proven successful when translated to baseline targeting tasks in 3D space [80].  Other 
studies indicate dis-inhibited bulbospinal pathways, caused by diminished cortical input, 
lead to hyperexcitable motoneurons, impairing motor control [40, 49].  Work done by 
McPherson et al. (2008) showed that tendon vibration of the paretic upper limb induced 
sustained EMG activation, providing evidence that reflex pathways are affected by 
intrinsic changes to neuromodulatory input after stroke.  Therefore, changes in the input 
to motoneurons are a likely contributor to decreased force resolution post stroke.   
Abnormal motor unit (MU) recruitment may be another factor in impaired force 
modulation after stroke [30].  In healthy old adults, Tracy et al. (2005) used varying 
levels of submaximal isometric contractions of the index finger to indicate that force 
variability increased with relative variability in MU recruitment [81].  In stroke, 
Hyngstrom et al. (2012) reported significantly greater CoV at 5% MVC in the paretic hip 
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flexors, showing that impaired recruitment patterns cause even greater force variability at 
low loads.  In this study, outside of the upward and downward sloping ramp periods, CoV 
in stroke subjects was the also at lowest load level (2 minute steady-state contractions at 
10% MVC), adding to the evidence that smaller loads exacerbate force fluctuations in the 
paretic limb.   
It has been well documented that latency differences between visual and 
somatosensory feedback contribute to the spectrum of force fluctuations during targeted 
tasks [73, 82, 83].  Though the exact frequencies are debatable, fluctuations between 0 
and 7Hz have been shown to be characteristic of visuomotor corrections, whereas inputs 
from proprioceptive and cutaneous afferents are characteristic of higher frequency 
fluctuations (>7Hz).  The results from this study suggest that stroke subjects rely heavily 
on visual input to correct for force variation, indicated by the greater magnitude of 
normalized power in the 0.1-1 and 1-3Hz frequency bins compared to control subjects 
(see Figure 3.5).  It is likely that stroke subjects increase dependency on visual cues for 
motor control to compensate for known impairment of somatosensory feedback [72].  
However, recent date from Baweja et al. (2009) showed that the magnitude of force 
fluctuations decreased when visual feedback was removed from a targeted isometric task 
of the index finger [83].  Therefore, while visuomotor corrections may be a critical 
component of motor control in stroke, they may also play a greater role in reduced 
steadiness.    
3.4.3 Fatigue Induced Functional Limitations Post Stroke 
Contrary to controls, the frequency content of stroke subjects‟ force fluctuations 
in this study suggests that fatigue has no effect on the frequency of force corrections (see 
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Figure 3.5).  Interestingly, the percent increase in CoV and normalized RMSE with 
fatigue are less in stroke subjects than in controls for first and second to last fatigue cycle 
measures (see Table 3-2).  This may be due to a greater relative change in muscle 
recruitment and myoelectric properties, and translates to the spectral shift seen in 
frequency fluctuations for controls.  However, because baseline (pre-fatigue) levels of 
variability and error are so high, increases from fatigue only further impair force 
steadiness.   
Because the majority of lower leg function, such as ambulation, balance, weight 
transfer, requires submaximal efforts, it is critical that improvements in force control 
occur at submaximal levels.  Clinically, the primary strategies for mediating impaired 
muscle function begin with improvements in muscle strength [84].  Specifically, multiple 
studies have reported that strength training improves steadiness [75, 85].  In order to 
produce gains in muscle strength, the muscle itself must be fatigued.  However, recent 
studies by this lab and others have shown that stroke induced changes in neuromuscular 
behavior present challenges to adequately fatiguing the muscle [8, 29, 33].  By 
quantifying decreases in post-fatigue force control, this study provides evidence that 
rehabilitative techniques post-stroke must target training paradigms that can effectively 
fatigue, and therefore strengthen, the paretic muscle.   
  
 
69 
3.5 Conclusion 
 
The results from this study demonstrate that stroke subjects have greater baseline 
levels of coefficient of variation and error (offset from target) in torque compared to age-
matched control subjects, and these levels significantly increase when performing 
repeated submaximal intermittent contractions.  The spectrum of force fluctuations 
indicates that stroke subjects rely heavily on visuomotor feedback compared to other 
sensorimotor cues for force control, which may impact the magnitude of variability, and 
does not change with fatigue.  In contrast, fatigue causes a spectral shift in force 
fluctuations from lower to higher frequencies, as well as a contributing to relatively large 
increases in CoV and error in control subjects.   These changes post-fatigue are likely the 
result of fatigue-induced changes to recruitment and contractile properties in control 
subjects.   Additionally, significant reductions in already low MVC contraction and 
relaxation rates indicate that fatigue further slows force production in the paretic knee 
extensors.  These results indicate that fatigue further impairs the steadiness of 
submaximal knee extension contractions, re-affirming the need for targeted rehabilitation 
strategies that will improve lower limb mobility and ambulation.    
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Chapter 4: Conclusion and Future Directions 
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4.1 Brief Summary of Results 
 
After stroke, the knee extensors of the paretic limb fail sooner than neurologically 
intact (control) individuals when completing repeated intermittent submaximal 
contractions.  The cause of this failure is unique for both populations.  Despite using 
intermittent contractions to limit ischemia, the changes in control subjects‟ fatigue 
metrics resembled fundamental elements of peripheral fatigue.  In contrast, data from 
stroke subjects provided little evidence that task failure was associated with peripheral 
changes, providing indirect evidence that central factors dominated neuromuscular 
fatigue.  In addition, their normalized magnitude of post-fatigue reflex response 
correlated with time-to-task failure, suggesting that hyperexcitable spinal pathways may 
facilitate force production during the fatiguing task.  Furthermore, stroke subjects with 
the fastest self-selected walking speed also failed sooner, which may imply that 
fatigability increases with functional ability.  Because motor performance was 
significantly lower in stroke, fatigue induced increases in variability and error, coupled 
with further reductions in contraction rates, provide evidence that fatigue prevention must 
influence rehabilitation strategies.   
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4.2 Limitations of Protocol 
 
Superimposed twitch through electrical stimulation is a proven and common 
technique to determine the amount of motor output that can be volitionally activated.  
Because of the large size of the 64 channel OT
©
 EMG, measuring voluntary activation  of 
the knee extensors was not feasible in our protocol.  The inclusion of voluntary activation 
measures would have provided valuable information fatigue related changes in central 
drive.  However, CV estimates from the array, while not a measure of central activation, 
provided indirect evidence of central fatigue by recording myoelectric muscle changes.   
A chief factor for keeping this study isometric was to prevent movement related 
stretch reflex activity associated with stroke.  However, because this study was purely 
isometric, the contributions of sensory pathways for force control were limited.  During 
movement, proprioceptive pathways provide valuable input for monitoring force control, 
especially during sub-maximal tasks [66].   A fatigue protocol using submaximal 
dynamic contractions would allow the effects of proprioceptive input to be quantified as 
it pertains to post-fatigue motor control.   
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4.3 Future Work 
4.3.1 Delineation of Central Activation 
The elements associated with central drive are vast, and delineating the level at 
which fatigue-related changes occur post-stroke (e.g. spinal motoneuron pools, 
corticospinal tracts, supraspinal and cortical pathways) is a critical next step to 
understanding the impact of fatigue on force generation.  The stretch reflex applied in this 
study is an interpretive measure of spinal excitation, but does not provide direct evidence 
for its origin.  Current techniques used to exploit central drive are not sensitive to the 
many levels of inhibitory and excitatory pathways that exist between the motor cortex 
and the distal primary motoneuron.  Previously discussed, superimposed twitch 
stimulation provides a gross picture of the magnitude of voluntary activation associated 
with maximal contractions.  Trans-magnetic stimulation (TMS) has been applied to 
multiple fatigue protocols [12, 19, 33], and resulting motor evoked potentials (MEP) 
offer a look at central excitability.   
An iteration of TMS, in which stimulation occurs at the level of the corticospinal 
tract, has recently been successful in localizing the level of excitability to either cortical 
or spinal locations during fatigue of healthy subjects [20].  Therefore, this technique, 
which records both cervicomedullary motor evoked potentials (CMEP) and MEPs, offers 
the possibility to quantify the influence of cortical activity on force production after 
stroke.  Furthermore, observing changes in cortical excitation pre and post-fatigue would 
help interpret the lack of modulation that occurs at the muscular level post-stroke.   
Another approach to isolating the level of central drive associated with fatigue is 
through the administration of drugs that target neuromodulatory input in regions of the 
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central nervous system.   For example, the monoamines serotonin (5-HT) and 
norepinephrine (NE) increase the gain of motoneurons pools and facilitate self-sustained 
firing of motoneurons [86].  Post stroke, the motoneuron pools are likely modulated to a 
greater extent by motor centers downstream of the damaged cortical region, such as 
brainstem pathways.  Recent evidence has also suggested that following stroke 
monoaminergic centers are overactive [40], which may translate to changes in 
motoneuron output and subsequent force generation.  Therefore, monitoring the effects of 
monoamines on force output during fatigue could help identify the contribution of post-
stroke drive at the level of the brainstem.   
4.3.2 Stroke-Specific Fatigue Paradigm 
High resistance strength training is an essential component of any exercise routine 
that aims to improve the fatigability associated with the task [84].  In healthy adults, to 
effectively increase muscle strength, the muscle must be repeatedly exhausted to the 
point of peripheral fatigue.  As indicated in our results, peripheral fatigue was an 
insignificant component of task failure in stroke.  Therefore, standard fatigue-inducing 
exercise paradigms are likely ineffective in exhausting paretic muscle to a sufficient level 
of peripheral fatigue.  A recent study by Lee et al. (2010) has shown that high-intensity 
progressive resistance training  can significantly improve muscle strength, power, and 
endurance of the hip and knee extensors after stroke [87].  The progressive resistance 
training program mandated in this study was the first to be applied to stroke subjects in a 
research setting, and indicates that the right exercise paradigm can return significant 
functional gains.  However, the results from Lee et al. (2010) were only seen by strict 
adherence to 30 exercise sessions conducted over 10 week period using multiple 
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professional staff.  By improving the capacity to fatigue the paretic muscle, rehabilitation 
programs may be able to reduce clinical work load while increasing the rate of improved 
muscle strength.
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Appendix A: Flow Charts of Data Processing and 
Analysis in Matlab 
 
A.1 Data Calibration and Initial Processing 
Load Raw Data
Divide data into 
1. Torque
2. EMG
3. LVDT (tendon tap)
Calibrate Torque:
· Convert to Nm
·  Account for      
‘Baseline’ leg weight
End
Run
Filter Data:
· filtfilt  
· butter
 
Figure A.1  Initial data calibration, filtering, and processing. 
 
 
 
83 
A.2 Use of Thresholds for Edge Detection 
Run
Calibrate output of linear 
motor (tendon tapper) to 
displacement in centimeters
i < Time
Time = length of data;
threshold = 3.0cm
Linear motor 
displacement(i) < 
threshold
Begin tapIj) = i
j = j + 1;
j = I + 400
i = i + 1 End
Yes
Yes
No
No
Note: All tendon taps were ellicited at 2Hz, or every 500ms.  
Thus, j index skips 400ms after the location of every tap.  
‘Begin tap’ is an array of 5 indices, 1 for each tap.
 
Figure A.2  Displacement output of linear motor (tendon tapper) used to determine 
when each tap was administered. 
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Solve for the end of each 
intermittent contraction (i.e. very 
beginning of each relaxation period) 
to determine the 3s analysis epoch
End
t = 1:5
j = relaxation 
threshold(t) - 1
j < relaxation 
threshold(t)
Knee Torque(j) >= 
Knee Torque(j + 1)
Temp (g) = j
j = j – 1;
g = g + 1
j = relaxation(t);
Begin of relax (x) = 
Temp(j-1)
x = x + 1
Yes
Yes
Yes
No
No
No
Run
I < length of data 
(62000 pts)
Knee Torque (I) <= 
Threshold Value
I = 7000
Determine Threshold Value:
20% MVC Torque
Load knee torque and target 
torque data for 1 
intermittent contraction
Yes
I = I + 1
No
Relaxation threshold(k) = I 
k = k +1
No
Yes
Determine the relaxation 
period of each  intermittent 
contraction that occurs at 
20% MVC
 
Figure A.3  Submaximal threshold of 20% MVC used to detect the end of each of 
the five intermittent contraction periods for each fatigue cycle. 
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A.3 Data Analysis 
Run
i = 1:length(Begin tap)
Use max and min to find the peak and trough 
(peak-to-peak) amplitude for the action 
potential ellicted after each tap.  Search 
between ‘Begin tap(i)’ and ‘Begin tap(i)’ + 
100ms indices for each tap
EMG = rectified VL EMG data
Torque = torque response to tendon tap
Begin tap = array of 5 tendon tap 
detections 
Use max to find peak tendon 
tap response amplitude after 
each ‘Begin tap(i)’ indice
Use indice values from each peak and trough of 
the action potential tap response to determine 
the absolute duration
i = i + 1
Yes
No
End
Peak Torque Response 
(Nm)
Peak-to-peak EMG 
Amplitude (mV)
Peak-to-peak EMG 
Duration (ms)
 
Figure A.4  Tendon tap torque and EMG response. 
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Run
½ Window = 50
Time RMS = total length of 
fatigue cycle
i = 1:3 
(loop for each 
muscle)
zeros to generate a temp 
variable the size of Time 
RMS for RMS EMG
j = 51:length(Time 
RMS) – 51
Calculate RMS with 
a 100 point window 
from data point 51 
to end-51
RMS EMG = temp 
End
No
No
Yes
Yes
 
Figure A.5  Root mean square of EMG. 
Amplitude calculations for the 3s epoch of each intermittent contraction of the fatigue 
cycle. 
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Run
Load Torque data for an entire 
fatigue cycle
Plot torque data and use ginput 
to manually select the 
contraction and relaxation start 
and stop times of the MVC
Use diff to calculate the slope 
within ‘start’ and ‘stop’ 
contraction and relaxation 
times 
Use max to find maximum 
contraction slope, use min to 
find maximum relaxation slope
Multiply max slopes by 1000 to 
convert to Nm/s
End
 
Figure A.6  Calculations of maximum contraction and relaxation rates for fatigue 
cycle MVCs. 
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Run
Frequency 
Resolution = 2048
j = 1:5
pwelch to calculate frequency and 
amplitude of 3s epoch for 
intermittent contraction
sum to calculate total 
powerj = j+1
Yes
No
Note: ‘3s epoch’ refers to standardized period in which data 
was analyzed for each intermittent contraction, starting 3 
seconds before the end of the contraction period (i.e. 
beginning of the period of relaxation)
cumsum to calculate 
cumulative sum along all 
elements of spectrum
Normalize cumulative sum by 
total sum for each element of 
spectrum
find to locate the first 
frequency at 0.5 of total power 
(i.e. median frequency)
End
 
Figure A.7  RF and VM EMG median frequency calculations. 
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Run
Frequency 
Resolution = 2048
j = 1:5
pwelch to calculate frequency and 
amplitude of 3s epoch for 
intermittent contraction
find to locate indices at 
0.1, 1, 3, 7, and 15 Hz.
trapz to calculate total area between 
0.1 and 15Hz.  Then applied again for 
each frequency bin: 
Bin1 = trapz(0.1-1Hz)
Bin2 = trapz(1-3Hz)
Bin3 = trapz(3-7Hz)
Bin4 = trapz(7-15Hz)
Normalize each bin 
by total area
j = j+1
End
Yes
No
Note: ‘3s epoch’ refers to standardized period in which data 
was analyzed for each intermittent contraction, starting 3 
seconds before the end of the contraction period (i.e. 
beginning of the period of relaxation)
 
Figure A.8  Power spectral density calculation for frequency fluctuations 
duringintermittent contractions of the fatigue cycle. 
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Appendix B: Illustrations and Pictures of the 
Experimental Setup 
 
B.1 Side-View Illustration of Setup 
 
Figure B.1  Side-view illustration of Biodex® chair and setup.   
 
 
 
 
 
 
OT
©
 EMG 
JR3 load cell 
Linear motor 
(tendon tapper) 
Biodex® Dynamometer 
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B.2 Above-View Picture of Setup 
 
Figure B.2  Subject test leg with EMG and ankle strap.   
1. Bipolar EMG (RF shown). 2. OT
©
 EMG array over VL muscle. 3. Tendon tapper. 4. 
JR3 load cell perpendicular to lateral femoral condyle.  5. Aluminum coupling to 
dynamometer spindle.  6. Aluminum arm that connect the ankle brace to the load cell.   
 
 
 
 
 
 
 
 
 
 
1. 
2. 
3. 
4. 
5. 
6. 
92 
Appendix C: Detailed Summary of Preparation for 
Experimental Protocol 
 
Biodex chair and setup configuration for the test leg 
1. Biodex control panel set to „Isometric Mode‟ with correct range of motion for 
spindle rotation 
2. Aluminum coupling (connects ankle brace to load cell) set to 10° from vertical in 
direction of knee extension. 
3. Correct (left versus right) ankle brace connected to coupling 
4. Monitor place approximately 1 meter in front of chair 
a. On quad-pod for right leg setup 
b. On top of Biodex control panel for left leg setup 
5. Weight stack on test leg side with wheel locks enabled 
6. Tendon tapper connected to weight stack with room for fine adjustments 
 
EMG Materials and OT
©
 Bioelettronica setup: 
1. 6 disposable adhesive electrodes ready with 3 Bortec leads and spare 9V battery 
for AMT-8 Octopus system 
2. Ground electrodes submerged in room temperature water for OT© and bipolar 
EMG 
3. 64 channel OT© array and foam adhesive with conductive gel ready for pipette 
4. Razor for possible hair removal 
5. Exfoliating gel for cleaning of skin 
 
Acquisition and program paremeters: 
1. All LabVIEW programs open with subject-specific parameters input (i.e. left or 
right leg). 
2. DAQmx® open for accessibility of input for possible troubleshooting 
3. 500Hz lowpass filter and JR3 load cell power supply turned ON.   
4. Tendon tapper amplifier powered ON, tapper not yet enabled 
 
Miscellaneous:  
1. Blank data collection sheet 
2. Blank consent form 
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3. Blank stipend form and $50 cash stipend 
4. Fine-point, erasable marker (for anatomical markings) 
5. Reflex hammer for initial reflex probing 
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Appendix D: Single Subject Data 
 
 
Figure D.1 Time-to-task failure.   
 
Figure D.2 Average tendon tap response pre and post fatigue. 
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Figure D.3  Average MH EMG of the intermittent contractions of the first and last 
fatigue cycle.  Note: subjects S3, S6,and C7 are not included due to signal noise.   
 
 
Figure D.4  Average VM EMG of the intermittent contractions of the first and last 
fatigue cycle.  Note: subjects S6, C7, and C8 (pre-fatigue only) are not included due to 
signal noise.   
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Figure D.5  Average VM EMG of the intermittent contractions of the first and last 
fatigue cycle.  Note: subjects S6 and C7 are not included due to signal noise.   
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